Aberrant expression of the ALK tyrosine kinase as a chimeric protein with nucleophosmin (NPM) and other partners plays a key role in malignant cell transformation of T-lymphocytes and other cells. Here we report that two small-molecule, structurally related, quinazoline-type compounds, WHI-131 and WHI-154, directly inhibit enzymatic activity of NPM/ALK as demonstrated by in vitro kinase assays using a synthetic tyrosine-rich oligopeptide and the kinase itself as the substrates. The inhibition of NPM/ALK activity resulted in malignant T cells in suppression of their growth, induction of apoptosis and inhibition of tyrosine phosphorylation of STAT3, the key effector of the NPM/ALK-induced oncogenesis. We also show that the STAT3 tyrosine phosphorylation is mediated in the malignant T cells by NPM/ALK independently of Jak3 kinase as evidenced by the presence of STAT3 phosphorylation in the NPM/ALK-transfected BaF3 cells that do not express detectable Jak3 and in the NPM/ALK-positive malignant T cells with either Jak3 activity impaired by a pan-Jak or Jak3-selective inhibitor or Jak3 expression abrogated by Jak3 siRNA. The above results represent the 'proof-ofprinciple' experiments with regard to the ALK enzymatic activity as an attractive therapeutic target in T-cell lymphomas and other malignancies that express the kinase in an active form. Laboratory Investigation (2005) 85, 1544-1554.
T-cell lymphomas comprise a diverse group of biologically and clinically distinct malignancies. Primary cutaneous T-cell lymphoproliferative disorders (CTCL) represent the most frequently occurring type; they display a tendency to progress over time to more malignant forms. T-cell lymphomas that express ALK tyrosine kinase (ALK þ TCL) comprise another distinct category that occurs mainly in children and young adults. Ectopic expression of ALK in malignant T-lymphocytes results from various translocations involving ALK gene and several different partners genes, most frequently the gene that encodes nucleophosmin (NPM). The NPM/ALK chimeric protein contains the oligomerization motif of NPM fused to the cytoplasmic portion of ALK that includes an intact kinase catalytic domain. [1] [2] [3] NPM/ALK is constitutively activated through tyrosine autophosphorylation 2, 3 and displays cell-transforming properties as demonstrated in vitro [4] [5] [6] and in vivo in two different mouse models. 7, 8 Owing to these properties, NPM/ ALK and the other ALK chimeric proteins represent an attractive therapeutic target for small-molecule inhibitors similar to BCR/ABL and other oncogenic tyrosine kinases. 9 STATs (signal transducers and activators of transcription) are members of the ubiquitously expressed family of transcription factors physiologically activated in response to growth factors and cytokines. 10 Activation of STATs requires phosphorylation of their key tyrosine residues; the phosphorylated STATs translocate into the nucleus and initiate transcription of the growth factor-/cytokine-responsive genes. Persistent activation of one of the STATs, STAT3, seems to play a critical role in the pathogenesis of CTCL, 11, 12 ALK þ TCL 13, 14 as well as a large number of other hematopoietic and nonhematopoietic malignancies. 15 Whereas the signals leading to the continuous STAT3 activation seem to stem in CTCL cells from Jak1/Jak3 tyrosine kinase tandem associated with the cytokine receptor common g chain, 11, 16 in ALK þ TCL cells, NPM/ALK itself triggers STAT3 tyrosine phosphorylation 13, 14 with a few reports suggesting an involvement of Jak3 as an intermediary. 17, 18 Here we report that two small-molecule, tyrosine kinase inhibitors designated WHI-P131 (4-(4 0 -hydroxyphenyl)amino-6,7-dimethoxyquinazoline) and WHI-P154 (4-[(3 0 -bromo-4 0 -hydroxyphenyl) amino]-6,7-dimethoxyquinazoline) inhibit proliferation and induce apoptotic cell death of the ALK þ TCL cells. They abrogate STAT3 tyrosine phosphorylation in the Jak3-independent manner and act by inhibiting directly kinase activity of ALK. Biologic and potential therapeutic implications of these findings are discussed.
Materials and methods

ALK þ TCL, CTCL and BaF3 Cell Lines and Normal Activated Lymphocytes
SUP-M2 and Karpas 299 cell lines were derived from two different CD30 þ anaplastic large T-/nullcell lymphomas and carry the t(2;5) chromosomal translocation involving ALK and NPM genes as documented by cytogenetic, molecular and/or protein expression analysis.
13,14 PB-1, -2A and -2B T-cell lines were established from a patient with a progressive CTCL. 11, 12 The murine pro-B-cell lymphoid cell line BaF3 was transfected with a vector containing NPM/ALK construct or a control, empty vector. 13 Normal activated lymphocytes were obtained by mitogen (PHA) stimulation of peripheral blood mononuclear cells (PHA-PBMC) for 6 days followed by 30 min stimulation with IL-2. The cell populations were cultured at 371C and 5% CO 2 in standard RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 1% penicillin/streptomycin/fungizone mixture, 2 mM L-glutamine and, in the case of BaF3 cells, 10% of IL-3 containing WEHI-conditioned medium or recombinant IL-3.
Tyrosine Kinase Inhibitors
The inhibitors have been reported to display various degree of activity against members of the Jak tyrosine kinase family. As shown in Figure 1 , panJak (Jak I; Calbiochem) is a quinolin derivative with the following structure:
It inhibits enzymatic function of all four members of the Jak family with the IC50 of 15 nM for Jak1, 1 nM for Jak2, 5 nM for Jak3 and 1 nM for Tyk2 in in vitro kinase activity inhibition assay. 19 Two other kinase inhibitors, also from Calbiochem, are structurally related quinazoline derivatives ( Figure 1 ): WHI-P131 and WHI-P154. WHI-P134 has been shown, in in vitro kinase inhibition assay, to inhibit selectively Jak3 (IC 50 : 78 mM) with no effect on Jak1 and Jak2. [20] [21] [22] WHI-154 inhibits Jak3 (IC 50 : 5,6 mM) also with no effect on Jak1 and Jak2. 20, 21, 23 Another Jak inhibitor that preferentially inhibits Jak3 (the reported IC 50 of in vitro kinase inhibitory activity is for Jak3 1 nM, for Jak2 20 nM and for Jak1 100 nM) has been synthesized according to the published structure. 24 All inhibitors were reconstituted in DMSO to the suitable stock concentration and diluted shortly before the experiments to the final concentrations shown in the figures.
Cell Proliferation and Survival (MTT Enzymatic Conversion) Assay
Cell lines were seeded in 96-well plates at 1 Â 10 4 cells/well in RPMI medium supplemented with 10% FBS. After 6 h culture, the cells were exposed in triplicate cultures to serial dilutions of the Figure 1 Chemical structure of the tyrosine kinase inhibitors examined in the study: quinolin derivative, pan-Jak, and quinazoline derivatives, WHI-P131 and WHI-P154.
Direct ALK inhibition in malignant T cells M Marzec et al tyrosine kinase inhibitors. After 72 h, the relative number of viable cells was determined by the use of MTT reduction colorimetric assay (Promega).
Cell Cycle Analysis
After the cell culture at 0.5 Â 10 6 cells/ml for 24 h with the tyrosine kinase inhibitors at the concentration depicted in Figure 3 , the cells were harvested, washed twice with PBS and permeabilized with 75% ice-cold ethanol for at least 1 h at 41C. After the permeabilization, the cells were washed twice with PBS and resuspended in Master Mix (950 ml PBS, 0.1 mg RNAse; Roche) and 40 mg of propidium iodine (PI; Sigma) and incubated for 15 min at 371C. The cells were analyzed by flow cytometry (FACSort BD) using CellQuest Pro and ModFit software.
Cell Apoptosis Assays
The analysis was performed using two separate experimental approaches. In the first, the intact cells were exposed for 30 min to the 4% PI/RNAse/PBS solution and examined by flow cytometry. In the second approach, we used the ApoAlert DNA Fragmentation Assay Kit from BD Bioscience according to the manufacturer's protocol. In brief, after the cell culture at 0.5 Â 10 6 cells/ml for 24 h with the tyrosine kinase inhibitors at the concentration depicted in Figure 3 , the cells were collected, washed twice in PBS and fixed with 1% formaldehyde/PBS. After a wash, the cells were permeabilized with 70% ice-cold ethanol for at least 2 h, washed and incubated in TdT incubation buffer for 1 h at 371C. The reaction was stopped by adding 20 mM EDTA and the cells were washed twice in 0.1% Triton X-100/BSA/PBS. Finally, samples were resuspended in 0.5 ml of PI/RNAse/PBS, collected and analyzed by Flow Cytometry (FACSort BD) using the CellQuest PRO software.
In Vitro NPM/ALK Kinase Enzymatic Activity Assays NPM/ALK tyrosine kinase activity was examined by two separate methods that used a synthetic tyrosinerich substrate and measured the kinase autophosphorylation. The first employed an EIA-based protein tyrosine kinase assay kit (Sigma, St Louis, MO, USA) as described previously. 13 In brief, cells were lysed with lysis buffer that contained protease and phosphatase inhibitors. Next, immunoprecipitation with the ALK goat polyclonal antibody (Santa Cruz Biotechnology) and 20 ml Protein G Agarose (Gibco BRL) was performed. The immunoprecipitates were added to the wells coated with poly-GluTyr substrate. After 30 min incubation, the plates were washed and incubated with a monoclonal anti-phosphotyrosine/peroxidase conjugate. After washing, solution containing peroxidase substrate was applied to the plate. The reaction was stopped by adding 2.5 N H 2 SO 4 and color intensity was measured in a microplate EIA reader. The purified human EGF receptor supplied by the kit's manufacturer was used as a positive control.
To determine the NPM/ALK autophosphorylation, aliquots of cells were normalized for cell counts (10 Â 10 6 ) and the cells were lysed in ice-cold lysis buffer (2% NP-40, 10 mM/l Tris (pH 7.6), 50 mM/l NaCl, 30 mmol/l sodium pyrophosphate, 50 mM/l NaF, 1 mM/l phenylmethylsulfonylfluoride, 0.24 U/ml aprotinin, 10 mg/ml leupeptin, 10 mM/l pepstatin and 1 mM/l sodium orthovanadate) at 41C for 10 min. Nuclei and cellular debris were removed by centrifugation at 14 000 g for 20 min at 41C. In selected experiments, the lysates were additionally normalized for total protein content with no effect on the results. The kinase assay was performed by incubating NPM/ALK immunoprecipitates in 30 ml kinase reaction mixture (25 mmol/l HEPES (pH 7.1), 10 mmol/l MnCl 2 , 10 mCi [ 32 P-g]-ATP, 1 mmol/l unlabeled ATP) for 2-10 min at 201C, as described. 25 
Western Blot
The cells were washed briefly in PBS, centrifuged and lysed in RIPA buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented with 0.5 mM PMSF, phosphatase inhibitor cocktails I and II from Sigma and protease inhibitor cocktail from Roche, according to the manufacturer's specifications. For normalization of the gel loading, the protein extracts were assayed with Lowry method (Bio-Rad Dc protein assay). Typically, 20-30 mg of the protein per lane was loaded. To examine protein phosphorylation, the membranes were incubated with the antibodies specific for STAT3 phosphorylated on the key tyrosine 705 or ALK phosphorylated on tyrosine positioned as 1604 in the nonchimeric, native protein (both from Cell Signaling). To detect total protein, we used STAT3, STAT5, Jak3 and Jak2 antibodies from Santa Cruz, and Jak1 and Tyk2 antibodies from BD Transduction Laboratories. Next, the membranes were incubated with the appropriate secondary, peroxidase-conjugated antibodies. The blots were developed using the SuperSignal West Dura from Pierce.
Jak3 siRNA Assay
Mixture of four JAK3-specific siRNA or nonsense siRNA (both purchased from Dharmacon) was introduced into cells at 100 nM by lipofection with the new generation Lipofectamine (DMRIE-C; Invitrogen). The procedure was repeated after 48 h and the cells were cultured for additional 48 h. The cells were harvested at two time points (24 h, 48 h) after first transfection and at one time point (48 h) 
Results
WHI-P131 and WHI-P154 Preferentially Inhibit Growth of ALK þ TCL Cells
Owing to the reports that suggested Jak3 involvement in ALK signaling, 17, 18 we decided to examine the effect of tyrosine kinase inhibitors that display various degree of anti-Jak3 activity on the ALK þ TCL cells in the MTT conversion assay that determines the combination of cell proliferation and survival. CTCL-derived cell lines that display constitutive activation of the cytokine common g-chain/Jak1/Jak3 complex 11, 16 served as a control. We have used three different tyrosine kinase inhibitors depicted in Figure 1 and described in Materials and methods: one, a benz-imidaz-isoquinolin derivative, designated pan-Jak, and two other, amino-dimethoxyquinazoline derivatives, designated WHI-P131 and WHI-P154. Pan-Jak inhibits in vitro kinase enzymatic activity of all four known members of the Jak kinase family: Jak1, 2 and 3 and Tyk2 with the IC 50 in the 1-15 nM dose range. 19 WHI-P131 was found to display a weak, but selective, anti-Jak3 activity (IC 50 of 78 mM; Goodman et al, 20 Sudbeck et al 21 and Tibbles et al 22 ) , whereas WHI-P154 shows the selective anti-Jak3 activity at the much lower doses (IC 50 of 5.6 mM; Goodman et al, 20 Sudbeck et al 21 and Ghosh et al 23 ). Both these agents are inactive towards Jak1 and Jak2. [20] [21] [22] [23] As shown in Figure 2a , pan-Jak inhibitor displayed a substantial activity against the CTCL cells with IC 50 cell growth inhibitory activity of approximately 0.4 mM. In striking contrast, it had very limited inhibitory effect on the ALK þ TCL cells even at the 3 mM dose, suggesting that activity of Jak3 and the other members of the Jak family are not critical for proliferation and survival of these cells. In contrast, WHI-P131 and WHI-P154 showed an activity pattern that profoundly differed from the above-mentioned effect of pan-Jak. As shown in Figure 2b and c, respectively, they both preferentially inhibited ALK þ TCL cells. Whereas WHI-P131 inhibited growth of the ALK þ TCL cells at IC 50 of approximately 10 mM, it had a much lesser effect on the CTCL cells (IC 50 445 mM). In turn, WHI-P154 also exerted a greater negative impact on ALK þ TCL cells than on CTCL cells, but the difference was less pronounced (IC 50 of 5 and 414 mM, respectively).
WHI-P131 and WHI-P154 Inhibit Cell Cycle Progression and Induce Apoptotic Cell Death of ALK þ TCL Cells
As the MTT conversion assay does not distinguish well between changes in cell proliferation and viability, we examined next the effect of the WHI compounds and pan-Jak inhibitor on cell cycle and necrosis and apoptosis of the ALK þ TCL and CTCL cells. As shown in Figure 3a , all agents that were applied at the double IC 50 cell growth inhibitory dose suppressed cell cycle progression at the early stage as determined by the accumulation of cells in the G0/G1 phase and the decrease in percent of cells in the S phase. In parallel to the results of the MTT assay, this effect varied among the inhibitors with regard to its degree and preference towards either ALK þ TCL or CTCL cells. Accordingly, WHI-P131 was markedly more effective against the former than the latter (30 and 8% decrease in cells in the S-phase, respectively), whereas WHI-P154 affected ALK þ TCL and CTCL cells more comparably (25 vs 15%). As expected, pan-Jak inhibitor markedly suppressed CTCL cells causing a 40% decrease in the S-phase cells. It, however, affected also the Direct ALK inhibition in malignant T cells M Marzec et al ALK þ TCL cells (25% decrease), suggesting that the MTT assay that determines combined cell survival and proliferation and has somewhat underestimated the antiproliferative impact of the agent on these cells.
In the same set of flow-cytometry-based experiments, we evaluated changes in PI incorporation by the whole cells as a measure of late apoptosis. As shown in Figure 3b , pan-Jak3 increased cell death rate in CTCL cells by almost 30%. In striking contrast, it displayed no detectable effect on survival of the ALK þ TCL cells. Both WHI-P131 and WHI-P154 had the opposite to pan-Jak effect of inducing death in 445 and 30% of the ALK þ TCL cells, respectively, and leaving the CTCL apparently unaffected. To evaluate apoptotic cell death more accurately, we have performed a DNA fragmentation (Tunel) assay. As shown in Figure 3c , the outcome WHI-P131 and WHI-P154, but not Pan-Jak Inhibitor, Abrogate STAT3 Phosphorylation in ALK þ TCL Cells
As phosphorylation of STAT3 is the major result of NPM/ALK-mediated malignant T-cell transformation 9,13,14,26 with some suggestions that it might occur through activation of Jak3 kinase, 17, 18 we examined next the effect of pan-Jak and WHI inhibitors on STAT3 activation as determined by its phosphorylation at the key tyrosine 705. As shown in Figure 4a , pan-Jak had no effect on the STAT3 tyrosine phosphorylation in the ALK þ TCL cells even at the highest dose of 3 mM examined, whereas it markedly inhibited the STAT3 phosphorylation in CTCL cells at the 0.1-0.5 mM dose range. In striking contrast, WHI-P131 and WHI-P154 inhibited in the dose-dependent manner STAT3 phosphorylation in the ALK þ TCL but not CTCL cells (Figure 4b and c, respectively).
Jak3-Independent Phosphorylation of STAT3 in NPM/ALK-Transfected BaF3 Cells
To provide direct evidence that the noted drug effect on STAT3 tyrosine phosphorylation in ALK þ TCL cells (Figure 4 ) is Jak3 independent, we examined STAT3 activation in BaF3 cells transfected with NPM/ALK. BaF3 cells transfected with an empty vector served as a negative control. As shown in Figure 5a (left panel), expression of NPM/ALK results in STAT3 phosphorylation in agreement with our previous findings. 13 Noteworthy, the transfected BaF3 do not express Jak3, although they express the other, more ubiquitously expressed members of the Jak family: Jak1, Jak2 and Tyk2 (Figure 5a, right panel) . The above finding indicates that NPM/ALK induces STAT3 phosphorylation in the BaF3 cells independently of Jak3.
WHI-P131 and WHI-P154, but not Pan-Jak Inhibitor, Suppress STAT3 and NPM/ALK Phosphorylation in NPM/ALK-Transfected BaF3 Cells
We evaluated next the effect of the three tyrosine kinase inhibitors in the NPM/ALK-transfected BaF3 Figure 5b , both WHI-P131 and WHI-P154 inhibited STAT3 phosphorylation with the latter being somewhat more effective similar to their effect in the ALK þ TCL cells (Figure 4) . Remarkably, the agents also inhibited phosphorylation of NPM/ALK at the same doses, indicating that they are active against the NPM/ALK kinase itself. In contrast, pan-Jak inhibitor had no effect on either STAT3 or NPM/ALK tyrosine phosphorylation leading, in combination with the ALK þ TCL result, to the conclusion that NPM/ALK might phosphorylate STAT3 directly without any detectable contribution of not only Jak3 but also other members of the Jak kinase family.
Jak3 Enzymatic Inactivation or Depletion does not Affect STAT3 Phosphorylation in ALK þ TCL Cells
To provide the direct evidence that Jak3 is not required for STAT3 tyrosine phosphorylation also in the ALK þ TCL cells, we employed two different experimental approaches. First, we incapacitated Jak3 functionally using a recently described 24 smallmolecule inhibitor that is highly selective for the kinase (the reported IC 50 of in vitro kinase inhibitory activity is for Jak3 1 nM, for Jak2 20 nM and for Jak1 100 nM, and IC 50 ; with the in vivo inhibitory activity of approximately 50-fold higher). As shown in Figure 5c , the Jak3 inhibitor had no effect on in vivo STAT3 phosphorylation at the functionally In contrast, it markedly inhibited such STAT3 phosphorylation in the control, mitogen (PHA) and IL-2-stimulated PBMCs at 100-200 nM with the complete inhibition achieved at 500 nM. In the second approach, we utilized Jak3-specific siRNA with nonsense siRNA serving as a negative control. The Jak3 siRNA essentially abrogated expression of the Jak3 protein without affecting expression of the closely related protein Jak1 and the other two control proteins total STAT3 and actin as depicted in Figure 5d . Importantly, the Jak3 depletion had no effect on the STAT3 phosphorylation. As expected, the nonsense siRNA did not affect expression of Jak3, phospho-STAT3 and the other proteins. These results support the conclusion that STAT3 is activated by NPM/ALK without involvement of Jak3.
WHI-P131 and WHI-P154, but not Pan-Jak, Directly Inhibit Kinase Activity of NPM/ALK
To provide direct evidence that WHI-P131 and WHI-P154 inhibits NPM/ALK, we determined the effect of the compounds on enzymatic activity of the NPM/ALK kinase in these cells by performing three different types of experiments. We examined first the drug effect on NPM/ALK tyrosine phosphorylation that is known to result from the kinase autophosphorylation. 2, 3 As shown in Figure 6 , panJak had no effect on the phosphorylation at any of the doses tested (0.1-3 mM). In contrast, both WHI-P131 and WHI-P154 inhibited the NPM/ALK phosphorylation in the dose-dependent manner. Noteworthy, the doses required for marked to complete inhibition matched the ones needed to inhibit STAT3 phosphorylation (Figure 4 ) and cell survival and proliferation (Figures 2 and 3) , supporting the notion that inhibition of NPM/ALK is the main, if not the only, mode of action of these compounds in ALK þ TCL cells. In the next set of experiments, we determined in vitro tyrosine kinase activity of NPM/ ALK using a tyrosine-rich oligopeptide substrate 13 and cell lysate immunoprecipitates obtained with an ALK antibody. As shown in Figure 7a , NPM/ALK kinase activity was markedly inhibited by both WHI-P131 and WHI-P154 with IC 50 of 10 and 5 mM, respectively, but remained unaffected by 1 mM (4double IC 50 dose) of pan-Jak inhibitor. Noteworthy, the IC 50 values for both WHI compounds matched the ones required to inhibit cell growth (Figure 1) .
Finally, to provide additional evidence that the WHI-P131 and WHI-P154 compounds inhibited NPM/ALK directly, we performed an in vitro autophosphorylation of the purified NPM/ALK. As shown in Figure 7b , the results closely resembled the ones obtained with the synthetic substrate (Figure 7a) . Accordingly, pan-Jak had no effect on the phosphorylation, whereas both WHI compounds inhibited it markedly. Since we detected in this assay only a single protein that had a molecular weight of 80 kDa characteristic of NPM/ALK, this finding confirms the NPM/ALK identity as the inhibited kinase and, in addition, argues against the presence in the ALK immunoprecipitates of any other activated kinases in the relatively significant amount.
Discussion
The results in patients with chronic myelogeneous leukemia and related leukemias that carry the chimeric BCR/ABL tyrosine kinase were the first to demonstrate that the constitutively activated, chimeric kinases represent an attractive therapeutic target. 27 Similar to BCR/ABL, NPM/ALK is oncogenic in vitro [4] [5] [6] and in vivo in transgenic mouse models. 7, 8 Therefore, inhibition of enzymatic activity of NPM/ALK and the other ALK fusion proteins 9 should lead to a potent antitumor effect and be potentially beneficial for patients with not only ALK þ TCL but also other malignancies such as inflammatory myofibroblastic tumors 28, 29 in which the chimeric ALK appears to play a key role in their pathogenesis. 9 Expression of ALK in its native, apparently structurally intact form has been Direct ALK inhibition in malignant T cells M Marzec et al identified in a number of malignancies, mostly of the neural origin; however, contribution of ALK to their neoplastic phenotype remains to be determined. 9 We demonstrate in this report that, in contrast to the quinolin-type pan-Jak inhibitor, two quinazoline derivatives, WHI-131 and WHI-154, exert a profound inhibitory effect on the ALK þ TCL-derived cells. These compounds inhibit cell cycle progression in the NPM/ALK-expressing malignant T cells. Notably from the potential therapeutic perspective, the compounds also induce in such cells extensive apoptosis. On the biochemical level, they essentially abrogate tyrosine phosphorylation of STAT3, the key effector of the NPM/ ALK-mediated oncogenicity. 13, 14, 26 Importantly, the compounds directly inhibit NPM/ALK enzymatic activity as demonstrated by in vivo inhibition of NPM/ALK phosphorylation and by in vitro kinase assays either using a tyrosine-rich oligopeptide as the substrate or measuring the degree of NPM/ALK autophosphorylation. The ability of WHI-P131 and WHI-P154 to inhibit STAT3 705 tyrosine phosphorylation in NPM/ALK þ TCL cell lines has been noted also by other investigators. 17 Although their interpretation was that this effect was due, at least in part, to inhibition of Jak3, the prevailing data indicate that the STAT3 phosphorylation and ensuing activation are Jak3 independent as discussed in detail below. Our finding that WHI compounds inhibit enzymatic activity of ALK (Figures 5b, 6 and 7) at the concentrations that impair also signal transduction ( Figure 4 ) and key functions (Figures 2  and 3 ) of the NPM/ALK þ TCL cells clearly indicate that the effect of the compounds on the STAT3 phosphorylation should be ascribed mostly, if not exclusively, to the direct inhibition of ALK. Although WHI-P131 and WHI-P154 provided the 'proof-of-principle' evidence of the validity of targeting NPM/ALK directly, they required the relatively high doses to inhibit growth of the ALK þ TCL cells (IC 50 of 10 and 5 mM for WHI-131 and WHI-154, respectively; Figure 2 ). This may limit their applicability in vivo. However, at the very least the compounds should be very useful as pharmacologic tools to study ALK-mediated oncogenesis. Furthermore, they may provide a lead with regard to structure of the pharmacologically higher-grade agents. Accordingly, addition of a single bromide moiety to the WHI-P154 compound (Figure 1 ) resulted in the two-fold decrease in the IC 50 as compared to the WHI-P131 (Figure 2 ). In principle, the reported [19] [20] [21] [22] [23] and the apparently noted ( Figure 2 ) crossreactivity of the compounds, in particular of WHI-154, with Jak3 might also be of concern with regard to the potential clinical use of drugs from this class. However, at the current stage, crossreactivity seem to be the feature of essentially all pharmacologic grade kinase inhibitors with the notable exception of rapamycin and its derivatives that target mTOR serine/threonine kinase 30 by the different mechanism than the tyrosine kinase inhibitors that interfere with binding of ATP within the kinase catalytic domain. Accordingly, imatinib mesylate (STI-571, gleevec) that very effectively targets BCR/ABL kinase in vivo inhibits at similar concentration several other kinases including wildtype ABL, c-kit, PDGFRb, PDGFRa 27 and, as shown recently, Syk. 31 Even the new generation BCR/ABL inhibitor that seems to bind the activated form of the kinase with the much higher affinity, and is aimed at circumventing resistance to imatinib, displays crossreactivity with at least one other tyrosine kinase, src. 32 The major controversy in the field seems to be the question if NPM/ALK activates STAT3 and other signaling proteins directly or via activation of other kinases, in particular, Jak3. 17, 26 Recent study 33 that utilized tandem mass spectrometry indicates that NPM/ALK might interact with as many as 46 different proteins that include Jak3. Our current study provides several lines of evidence that NPM/ ALK phosphorylates STAT3 in the Jak3-independent manner. First, pan-Jak inhibitor, in striking contrast to the CTCL cells, has no effect on proliferation, survival and STAT3 phosphorylation (Figures 2-4) . Second, the WHI compounds, in particular WHI-P131, significantly inhibit STAT3 phosphorylation in the ALK þ TCL cells at the doses that are approximately fourfold lower than the one required to inhibit Jak3 kinase activity in vitro (Figure 4 ; Goodman et al, 20 Sudbeck et al 21 and Tibbles et al 22 ) which, in turn, is typically 10-fold lower than the activity in intact cells. Third, transfection with NPM/ALK of the murine precursor B-cell line BaF3 that does not express detectable Jak3 results in STAT3 phosphorylation (Figure 5a) . Furthermore, inhibition of Jak3 activity in the ALK þ TCL cells by a specific inhibitor 24 had no effect on STAT3 phosphorylation (Figure 5c ). Finally, inhibition in such cells of Jak3 expression by the Jak3-specific siRNA has no impact on the STAT3 phosphorylation despite being very effective in abrogating the Jak3 expression (Figure 5d ). Although we cannot totally exclude that another tyrosine kinase different from Jak3 might act as an intermediary in the STAT3 phosphorylation considering the ability of STAT3 to become activated by a rather diverse set of the tyrosine kinases that belong to the growth factor receptor, src and Jak kinase families, 15 we find it unlikely. First, the lack of any effect of the pan-Jak inhibitor on the ALK þ TCL cells (Figures 1-4) rules out the involvement of any member of this family that, beside Jak3, includes Jak1, Jak2 and Tyk2. 34 Furthermore, two SRC family inhibitors, SU6656 and PP2, used at the doses of up to 1 and 2 mM, respectively, also had no effect on the Stat3 phosphorylation and cell growth (MTT conversion assay) of the ALK þ TCL Karpas 299 cells (data not shown). This observation corroborates the previous finding that mouse embryonal fibrobast cell line devoid of three members of src family known to activate STAT3 were able to display STAT3 phosphorylation upon transfection with NPM/ALK. 14 Finally, the fact that NPM/ALK is a potent tyrosine kinase that associates with STAT3 as shown by coprecipitation and Western blotting 13 and co-precipitation and mass spectrometry, 33 and is by far the most dominant phosphorylated protein in the ALK antibody precipitates (Figure 7b ), suggest that NPM/ ALK phosphorylates STAT3 directly. This conclusion is further supported by the lack of any effect on the NPM/ALK-triggered STAT3 phosphorylation of deletional mutation of NPM/ALK that precluded its binding to Jak3. 14 In summary, we show that the direct inhibition of NPM/ALK by small-molecule, quinazoline-type compounds has a profound suppressive effect on signal transduction, proliferation and survival of the ALK þ TCL cells. We also provide evidence that activation of STAT3, the key effector of the NPM/ ALK-induced oncogenesis, is Jak3 independent and likely mediated directly by NPM/ALK itself. The above findings might impact on the development of novel, targeted therapies for ALK þ TCL and the other ALK-driven malignancies.
